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Abstract 
The company Carbon Clean Solutions (CCS) has developed a variety of energy efficient solvents and processes such as 
PCCMax, which aim to reduce the overall operating and capital cost of CO2 capture. Highly successful R&D in collaboration 
with TNO, considering aspects from fundamental properties such as VLE and current work has been focused on developing 
energy efficient chemical solvents and addressing solvent management aspects such as solvent degradation, corrosion and 
emissions.  
 
CCS demonstrated their solvent technology at TNO’s 6 MTPD (metric tons per day) CO2 capture pilot plant connected to a coal-
fired power plant from E.ON, Maasvlakte near Rotterdam. The advanced novel solvent APBS was compared with conventional 
solvents in terms of CO2 absorption capacity, energy, cyclic capacity and absorption kinetics over 1000 operation hours. This 
APBS solvent was specifically developed to capture CO2 from flue gas emissions from coal based power plants. This solvent 
system is based on an innovative combination of solvent components used to overcome the particular weaknesses of the state of 
art CO2 capture solvents. 
 
Useful performance data and operational experience was obtained for the continued development of the CCS’s PCCMax 
technology. A well designed test plan was successfully executed during this testing period to obtain detailed solvent performance 
and optimization data. Importantly process data was collected to validate thermodynamic and process models. Thus, validated 
CCS simulation modelscan beused for the further scale up of the technology. 
 
This article provides general description of results and operating experiences in the areas of solvent handling, solvent 
performance which includes long term stability testing, energy demand, solvent degradation, corrosion and emissions testing as 
compared to benchmark solvent monoethanolamine (MEA) and CESAR1 solvent previously tested on same EON, Maasvlakte 
CO2 capture facility for 90% CO2 capture from power plant flue gas. Mainly focused on measuring overall regeneration energy, 
detailed metal content analysis (to predict the corrosivity), detailed overall oxidative and thermal degradation and gas emission 
characterization including aerosols and nitrosamine emissions. Energy consumption of the solvent system per ton of CO2 
captured with a standard flowsheet is around 2.5 GJ per tonne of CO2. However, due to the solvent matrix novel flowsheet 
options can be used to further reduce energy consumption. Moreover, the solvent is compared to MEA at least a factor of 10 
more stable. Next to that, aerosol based emission of the APBS solvent as compared to MEA is negligible. Details of the 
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measurement campaign will be further elaborated in our contribution. 
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1. Introduction 
 In response to climate change and the contribution of industrial CO2 into the earth’s atmosphere,an 
advanced absorption based Post-combustion CO2Capture (PCCC) technology is the preferred choice for reducing 
anthropogenic CO2 emissions. This is due to the process’s high efficiency, high selectivity, scale-up feasibility, 
significant industrial and its retrofitability. The major challenge for the application of conventional post-combustion 
capture process is the significant energy required and resulting in a higher cost of electricity. These barriers prevent 
large scale deployment of the capture process resulting in further research to overcome the barriers.  
 
   Therefore, there is a need for the development of novel chemical solvent systems which aim to reduce the overall 
operating and capital cost of CO2 capture. The company Carbon Clean Solutions Limited (CCSL) has developed an 
energy efficient chemical solvent system, APBS, based on an innovative combination of solvent components used to 
overcome the particular weaknesses of the state of art CO2 capture solvents. CCSL partnered with TNO to evaluate 
and demonstrate the solvent at 6 MTPD (metric tons per day) CO2 capture pilot plant connected to a coal-fired 
power plant from E.ON, Maasvlakte by means of a Performance Verification Programme for 9 weeks. 
1.1. APBS solvent background development 
The traditional solvent basedCO2 separation process is energy intensive when applied to coal-fired power plants. 
Moreover, the solvent is susceptible to degradation by oxygen, SOx and NOx present inthe flue gas, resulting in 
drastically reduced plant efficiency and large operating cost.To address these challenges, CCSL has developed new 
advanced novel reactive solvent for CO2 capture from coal fired flue gases. The solvent development programme 
includes screening and characterization of different solvent components by fundamental tests in the laboratory such 
as vapour-liquid equilibrium (VLE), reaction kinetics, solubility tests, viscosity tests to prove the solvent efficacy 
and performance as compared with the standard baseline solvent.Based these tests, a desirable combination of 
solvent mixture was chosen to achieve high absorption efficiency, minimal regeneration energy and low solvent 
degradation.  
 
Nomenclature 
CCSL  Carbon Clean Solutions Limited  
TNO  Dutch Govt. Funded Research and Development Centre 
UK-DECC Department of Energy and Climate Change – United Kingdom 
VLE  Vapor Liquid Equilibria 
MEA   Monoethanolamine 
PCCC  Post Combustion Carbon Capture 
 
 
 
As a result of an extensive stage-wise research program, the most promising solvent candidate was evaluated 
based on the following criteria with an aim to perform significantly better than benchmark solvents such as 30wt% 
monoethanolamine (MEA) solvent, amongst others  
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x Resistance to oxidative degradation: Most amine solvent degrades significantly at high concentration of 
oxygen typically ammonia, which is approx. 6-8% O2 in coal fired flue gases.  
x Resistance to thermal degradation: This offered the potential for regeneration at higher operating 
temperature and pressures, resulting in significant CO2 compression energy savings, less make up 
solvent, high solvent lifecycle and very low waste handling cost. 
x Low solvent volatility: Less volatile solvent resulting in reduced solvent loss and managing stringent 
environment emissions control. 
x Faster reaction kinetics and CO2 absorption capacity: The faster kinetics offers capital cost savings 
through reduced absorber tower height and expensive packing material.  
x Solvent corrosion: Corrosion tendency of the solvent predicts majorly the material of construction of the 
plant. Thus, decrease in corrosion tendency results in low CAPEX infrastructure 
x Resistivity towards SOx: Solvent exhibits higher tolerance of SOx in the flue gases limiting the 
formation of heat stable salt  
x Aerosols based emissions: Solvent’s inherent distinguishing feature is to resist aerosol based solvent 
emissions and eliminate environment emission concerns. 
 
 
 After rigorous testing at the lab scale, the next step was to demonstrate the solvent at a pilot plant scale 
using real flue gas. The solvent was successfully tested for 1000 operation hours at TNO’s CO2 Capture pilot plant 
at Maasvlakte, the Netherlands. The aim of the pilot tests was primarily to assess the performance of the solvent. In 
addition, solvent management aspects such as solvent degradation, handling, corrosion and emissions were also 
studied during the campaign. 
2. Pilot Plant Description 
 The pilot plant has a capacity of capturing 6 tons CO2 per day and receives flue gas from E.ON’s coal fired 
power plant (capacity ~540 MWe). The flue gas drawn from the power plant is conditioned by an SO2 removal step 
in a SO2 polisher in combination with cooling of the gas using a direct contact cooler to typically about 40 °C. A 
blower is used to compensate pressure drop in the absorber tower, water wash and related piping. The absorber 
tower consists of four packed beds designed to allow sufficient contact time for efficient absorption of CO2 with 
liquid distributors and redistributors. The absorber exit gas passes through a water wash column where the exit gas 
is cooled with a cold circulated water stream and the solvent vapors are condensed sent back to the absorber. 
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Figure 1: The CO2 recovery pilot plant at Maasavlakte 
 
The rich CO2 solution from the absorber is sent to a stripping column where heat is supplied using steam to strip of 
the CO2 and produce a lean CO2 solution. The rich CO2 solution gets heated by exchanging heat with the lean CO2 
solution before fed to the stripper. The stripper has a packing section for the gas liquid contact for efficient mass and 
heat transfer. The details of the columns are mentioned in Table 1. The process flow diagram of the pilot plant is 
shown in Fig 2. For further information, refer to Khakharia et.al, 2014. 
 
Table 1: The dimensions of the columns in the pilot plant 
  
Column 
ID (m) 
Heigh of each packing 
section/Number of 
sections 
Total 
Height 
(m) 
Type of Packing Material of 
Construction 
Absorber 0.65 2.1/4 23 IMTP 50 - Random SS 304L 
Wash Column 0.65 2  - Mellapak 252Y SS 304L 
Stripper 0.45 4.1/2 16.5 IMTP 50 - Random SS 304L 
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Figure 2: The process flow diagram of the pilot plant [1] 
 
2.1 Measurements and Analysis: 
 
 An FTIR analyzer (GASMET CX 4000) was used to analyze the gas phase. The FTIR was calibrated for 
the components of the solvent along with NH3, CO2, H2O, O2, formaldehyde, acetaldehyde etc to give an accuracy 
within 2%. The gas is sampled by means of a heated probe and a long heated line carries the gas to the FTIR. A 
 Prateek Bumb et al. /  Energy Procedia  63 ( 2014 )  1657 – 1666 1661
multiplexer was used to switch the sampling of gas from the absorber exit and wash column exit alternatively. It is 
important to note that the FTIR measures both the vapour and aerosol based emissions.The CO2 loading of the 
solvent sample is measured by the reaction of solvent sample with phosphoric acid and measuring the amount of 
CO2 release. 
 
2.2 Performance Verification Programme  
 
  The 1000 operating hours of the CO2 pilot plant were divided as shown in the Table 2. 
 
Table 2:  Activities performed during the Performance Verification Programme 
 
End Activities 
Period 1 Steady state operation at typical operating conditions 
Period 2 Stripper optimization 
Period 3 Absorber optimization 
Period 4 
Operation at boundary level such as stripper at lower temperature  and 
absorber operation at low gas flow rates  
Period 4 Emissions testing 
Period 5 Wrap up of pilot plant campaign, pilot plant inspection and solvent disposal 
3. Results and Discussion 
3.1  Solvent Performance Optimization 
 
 The optimum settings are specific for a combination of the solvent and the plant design. Therefore, as a 
first step optimization was performed to tune the pilot plant conditions to achieve the best performance for the 
solvent. In order to meet the objectives of the campaign several important parameters were varied to find the 
optimum settings required for the solvent.  
 
3.1.1  Stripper Optimization 
 
 In conventional gas treating processes, stripper is operated at equilibrium conditions. Thus, the aim of 
optimising the stripper was to achieve equilibrium conditions. This was done by changing the stripper top pressure 
while, keeping the stripper temperature constant at 120°C. The resulting lean loadings could then be compared with 
those obtained from the VLE experiments at 10 kPa of CO2 and120°C. The stripper top pressure was varied from 0.8 
barg to 1barg. The stripper pressure could not be reduced further as the amount of stripper condensate was 
significant and maintaining the stripper at stable conditions was nolonger possible. As expected, the lean loading 
lowers on reducing the stripper top pressure and reaches close to the equilibrium value at pressure of 0.8 barg. 
Moreover, the L/G (i.e. solvent flow/flue gas flow) ratio is also minimum at 0.8 barg indicating lower energy 
consumption (i.e. both steam reboiler duty and pump energy consumption). Thus, based on these results stripper 
pressure of 0.8 barg was considered to be optimum with respect to the equilibrium measurements. 
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 Figure 3: Stripper performance optimization 
 
3.1.2 Absorber Optimization 
 
 The absorber was optimized so as to obtain the maximum rich CO2 loading The two main parameters 
which influence this are net cyclic capacity and kinetics. One of the ways to study is this is by changing the lean 
solvent temperature.  The solvent circulation rate (or L/G)was varied in order to achieve 90% recovery of CO2 from 
the flue gas.Figure 4) shows influence of the lean solvent temperature (indirectly absorber temperature profile) on 
the rich loading of the solvent. The rich is in the range 2.4-2.5 mol-CO2/L for the different temperature. The rich 
loading seems to be highest for the higher lean solvent temperature. Thus, increasing the temperature improves the 
kinetics of the solvent. To confirm this, additional experiments were performed by re-circulating the solvent without 
stripping CO2 (stripper at 80ºC). The aim of this test was to load the solvent to its maximum extent. The resulting 
rich loading from this test was 2.66 mol/L (lean solvent temperature 42ºC). Thus, the typical rich loading value was 
~95% of the equilibrium value at CO2 partial pressure of 10.5 kPa from the VLE. Thus, it can be concluded that the 
solvent has fast kinetics and the rich loading can reach at least 95 % of the equilibrium values in the given design of 
the plant. 
 
 
Figure 4: Absorber performance optimization 
 
 
3.1.3 Solvent Performance Summary 
 
 The energy supplied to the reboiler is utilized in Heat of desorption of CO2, latent heat of water vaporized 
and sensible heat required to bring the rich solvent to reboiler temperature. Sensible heat requirement depends on the 
efficiency of the lean rich exchanger. Here the minimum temperature approach that was obtained was about 10 °C. 
The latent heat of water vaporized can be reduced either by increasing the concentration of solvent or reducing the 
flow of solvent circulation rate.  
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 Typically, flue gas from coal fired power plant contains 12.5% CO2, however due to a modified 
combustion profile in the power plant, the CO2 content of the flue gas was 10.5 vol.% CO2.  Therefore, higherCO2 
content in the flue gas was achieved by recycling part of the product CO2from the stripper in the inlet flue gas 
stream. This resulted in about 16 % increase in the net capacity compared to that at 10% CO2. The resulting energy 
consumption is modeled to be about 2.8 GJ/ton CO2.  
 
 The temperature approach of the lean-rich heat exchanger in the pilot plant was measured to be 
approximately 10°C. Typically, for a well-designed lean-rich heat exchanger the temperature approach is about 5°C. 
The heat of absorption of APBS solvent is lesser compared to MEA (5M) Moreover, the rich loading can be further 
enhanced by having an inter-cooling section at the bottom of the column. Additionally, a split flow configuration 
would lower the stripper top temperature and thus, reduce the loss of steam to the product CO2 stream. Based on in-
house experience, it is expected that with advanced process configuration the energy consumption can be further 
reduced by about 9% to 2.6 GJ/ton CO2.  
 
The APBS solvent performance is 22.3% better than MEA (5M) and 20% better than AMP/PZ solvent as shown in 
Table 3. 
 
MEA AMP/PZ APBS 
Total Energy Consumption (at 12.5 vol% CO2 and 90% 
CO2 capture rate) GJ/ton of CO2 3.6 3.5 2.8 
 
Table 3: Comparison APBS solvent with MEA and AMP/PZ in the same pilot plant. 
 
 
3.2  Solvent Degradation 
 
 Degradation of the solvent occurs in a PCCC process mainly due to the presence of oxygen in the flue gas. 
The oxygen content of flue gas from a typical coal fired power plant is about 6-7 vol. %. Thermal degradation 
occurs in the hot zonessuch as in the stripper. However, the extent of thermal degradation is much lower as 
compared to oxidative degradation. 
 
 Degradation of the solvent leads to a) loss in active component concentration, b)corrosion of the equipment 
by the degradation products so formed and c) ammonia emissions. The degradation can be observed visually as seen 
in Figure 5. The figure contains pictures of the solvent in time during a campaign last 1000 operating hours. The 
colour of degraded MEA solution is almost black, while the colour of APBS solvent seems to be the same yellow 
tone as seen at the start of the test campaign. This is an indication that APBS has higher resistance to degradation as 
compared to MEA. It is important to note that the colour change can be due to certain components even at very low 
concentration. 
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Figure 5: Solvent color change with time for APBS solvent and MEA (5M) 
 
3.3  Corrosion 
 
 Degradation of solvent also leads to corrosion of the equipment. Most of the equipment which the solvent 
is in contact with is made up of stainless steel. Thus, based on the amount of metals such as Fe, Cr, Ni, Mn, etc. 
dissolved in the solvent it is possible to estimate the extent of corrosion. Figure 6 shows the solvent metal content 
during the pilot plant campaign. The solvent metal content remains below 1mg/L even after 1000 operation hours. 
 
 
   
Figure 6: Metal content in the liquid sample compare to MEA (5 M) in the same plant 
 
 For comparison, Figure 6 also shows the solvent metal content during a previous MEA campaign at the 
same pilot plant. The solvent metal content for the MEA test campaign was about 80 mg/L within 600 operating 
hours. This implies that APBS does not cause significant amount of corrosion of the equipment. This is primarily 
due to its resistance to degradation. As a result of low degradation, the corrosion potential of the solvent also 
reduces which is confirmed by the dissolved metal content. MEA is known to degrade rapidly and thus, leads to 
severe corrosion. 
 
3.4 Emissions 
 
 Ammonia is a degradation product of amines. NH3 being volatile is also emitted to the atmosphere and 
thus, monitoring and maintaining its emission levels is a must. Figure 10 shows the measured ammonia emission 
levels. For most part of the campaign, the ammonia emission levels are below 10 mg/Nm3. 
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 Typically, ammonia emissions increase in time due to increase in solvent degradation. For MEA based 
pilot plant campaign, the ammonia emission levels were measured to be about 100 mg/Nm3 after 700 operating 
hours. The NH3 emission levels measured for the APBS pilot plant campaign are substantially lower than MEA as 
shown in Figure 7. This is expected based on the lower extent of the degradation for APBS solvent. 
 
 
Figure 7: Ammonia emissions during the pilot plant campaign compared with MEA 
 
3.5 Aerosols emissions 
 The total aerosol emissions for APBS solvent are many times less than MEA measured in the same pilot 
plant as shown in Figure 8 [Khakharia, P., et al., 2013, Mertens, J., et al., 2013]. The important feature of APBS 
solvent is it’s inherent capability to substantially minimize aerosol formation and minimize solvent emissions. 
 
 
Figure 8: Comparison of MEA and APBS emissions (relative to the maximum)  
4. Technical Conclusions 
 The demonstration of the APBS solvent was successfully carried out at TNO’s pilot plant Totally, the pilot 
plant was in operation for 1000 hours. The main findings from these tests are as follows:  
 
x The rich loading was 2.5 mol/L with a CO2 content of 10.5 vol% in the flue gas. Further tests indicated that 
the rich loading of 2.66 mol/l which is very close to the equilibrium value can be achieved by better design.  
 
x The stripper pressure was varied to optimize the stripper performance. The performance was found to be at 
equilibrium at 0.8 barg with lean loading of  0.6 mol CO2/l. 
x The measured minimum energy consumption for pilot plant designed for MEA based CO2 capture was 2.8 
GJ/tonne CO2. The energy performance can be further enhanced as result of higher CO2 inlet%, better lean-
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rich exchanger, split-flow configurations and other improved process configurations. The corresponding 
expected minimum energy consumption would be 2.5 GJ/tonne CO2.  
x The solvent was found to be resistant to degradation and thus, less corrosive. This is confirmed in the 
measured solvent metal content. The concentration of metals such as Fe, Cr, Ni, Mn, etc. remained below 1 
mg/L even after 1000 operating hours. This is substantially lower than the measured concentration of 80 
mg/L with MEA within 600 operating hours. Thus, APBS solvent has significantly lower corrosion 
potential as compared to MEA.  
x The ammonia emissions were about 10 mg/Nm3 after 800operating hours as compared to 100 mg/Nm3 after 
600 operating hours of a MEA campaign.  
x The solvent APBS has proven to be a better solvent than benchmark, MEA based on the results of the pilot 
plant. It is recommended that the solvent should undergo further testing at a bigger scale and for a longer 
duration in is development plan prior to its large scale implementation. 
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